The energy gaps of MBE-grown wurtzite-structure In 1-x Al x N alloys with x ≤ 0. 
Group III nitrides and their alloys are attracting much research attention in part because of applications in optoelectronic devices [1, 2] . Particularly, GaAlN ternary alloys have room-temperature bandgap energies tunable continuously from ~ 3.42 eV for GaN to ~ 6.2 eV for AlN [3] . Ga-rich InGaN alloys are under intense investigations as a highly efficient blue light emitting material [1] . It has been discovered recently that wurtzite-structure InN is actually a narrow gap semiconductor, with a minimum bandgap energy equal to ~ 0.77 eV [ 4, 5] . The studies of In-rich InGaN have shown that the optical properties of these alloys are consistent with the observed narrow gap of InN, and wit h the relatively high luminescence efficiency as it is found in the Ga-rich InGaN alloys [5, 6] . The bandgap of the InGaN ternary system thus covers a very wide range of the optical spectrum from the infrared for InN to the ultraviolet for GaN.
Similar to the case of InGaN, studies of InAlN alloys have concentrated on the wide-gap, Al-rich side due to the difficulties in the epitaxial growth of high-quality Inrich materials [ 7, 8 ] . However, the optical properties of InAlN over the entire composition range are of great interest as this alloy system offers an exceptionally large bandgap tunability and a wide range of lattice constant variation. In this letter, we report studies of the optical properties of In-rich In 1-x Al x N with x up to 0.25. It is shown that the energy range covered by the bandgap of the InAlN ternary system extends continuously from the infrared for InN to the deep ultraviolet for AlN. The bandgap bowing parameter has been determined to be 3.0 eV. Combining these results with recently reported data on the bandgap energies of other group III-nitride alloys, we have found that the ir bandgap bowing parameters scale with the energy gap difference between the end-point compounds. This allows expressing the composition dependence of the bandgap in terms of a universal dependence applicable to all group III-nitride ternaries. Band edge offsets in group III-N alloys are also discussed in the context of these findings.
The In 1-x Al x N films (250 ~ 300 nm, 0 ≤ x ≤ 0.25) were grown on (0001) sapphire substrates by molecular beam epitaxy using an AlN buffer layer (~ 200 nm). The growth temperature was about 470 o C. The growth method and conditions were similar to those described in Ref. [9] . The Al atomic fraction was determined by X-ray diffraction (XRD) using the AlN (0002) peak as the reference peak. The XRD analysis showed that highquality wurtzite-structure In 1-x The PL peak energies and the energy gaps derived from the absorption experiments are plotted as a function of x in the inset of Fig. 2 . Some previously reported data on the Al-rich side are also shown on the same plot [7] . It can be seen from this plot that the energy gap of the InAlN ternary alloy covers a wide portion of the optical spectrum, ranging from the infrared for InN to the deep ultraviolet for AlN. The composition dependence of the bandgap can be described by the standard bowing equation,
A best fit leads to a bowing parameter of b = 3.0 eV. 
In this equation, the dimensionless parameter β describes the degree of the bandgap bowing relative to the bandgap difference of end-point materials. It is found that the value of β is essentially the same for these three group III-N alloys. It only varies from 0.50 for AlGaN to 0.55 for InAlN alloys. Shown in Fig. 2 is the data of α plotted as a function of x for In 1-x Al x N measured in this work and from a previous report [7] , for Ga 1-
x Al x N measured in this work, and for In 1-x Ga x N [6, 11, 12] adopted from the literature. It can be seen that although these gap energies were measured on different alloy systems and reported by different groups, they all fall into one single curve when expressed in the reduced form of Eq. (2). A common normalized bowing parameter of β = 0.54 well describes the universal composition dependence, as depicted by the curve in Fig.2 . This scaling relationship is not surprising, though, because the main contribution to the bandgap bowing is due to the effects of composition disorder on the conduction and valence band edges [13] . Given the similar degree of disorder in space, for a larger bandgap difference between alloy constituents, the potential perturbation caused by the composition fluctuations is larger; consequently the bandgap bowing effect is expected to be proportionally stronger.
The origin of the universal relationship describing the composition dependence of the bandgaps of group III-nitride alloys strongly suggests that similar argument s may be also used in the considerations of the composition dependence of the band offsets. Since the total change of the bandgap is a sum of shifts of the conduction and the valence band edges, it could be argued that the relationship given by Eq. (2) is also a proper scaling function for the band offsets. Namely, for any group III-nitride alloy system, the composition dependence of the conduction or the valence band offset is given by the band offsets of the end-point compounds multiplied by the universal scaling function in Eq. (2). This formula provides a method to estimate the band edge offsets between different group III-nitride alloys, which is an important issue in the design of heterostructure devices. Figure 3 shows the dependence of the bandgaps on the in-plane lattice constant obtained assuming a linear relationship between the lattice constant and the composition according to Vegard's law. The inset in Fig. 3 shows the conduction and the valence band offsets calculated using the scaling function given by Eq. (2) In conclusion, the bandgap energy of In-rich InAlN alloys has been measured as a function of composition. The bowing parameter is found to be 3.0 eV. The bandgap bowing in group III nitride alloys was found to be proportional to the bandgap difference between the end-point compounds. InGaN, [6] InGaN, [11] InGaN, [12] InAlN, this work InAlN, [7] AlGaN, this work fit, β=0.54 abs, this work abs, [7] PL, this work InGaN, [6] InGaN, [12] InGaN, [11] InAlN, [7] InAlN, this work GaAlN, this work 
